Object. Mechanisms involved in the rupture of intracranial aneurysms remain unclear, and the literature on apoptosis in these lesions is extremely limited. The hypothesis that apoptosis may reduce aneurysm wall resistance, thus contributing to its rupture, warrants investigation. The authors in this study focused on the comparative evaluation of apoptosis in ruptured and unruptured intracranial aneurysms. Peripheral arteries in patients harboring the aneurysms and in a group of controls were also analyzed.
NVESTIGATION into the causes of the genesis, growth, and rupture of intracranial aneurysms is relevant. The most frequently occurring aneurysms are saccular and considered to be the combined result of a multifactorial pathogenetic complex. 36 Both congenital and acquired factors have been investigated. 5, 17, 34, 35, 40 Hemodynamic stress at arterial bifurcations, congenital medial defects, and degenerative arterial wall changes are believed to contribute to aneurysm development. 9 Other factors, such as hypertension, smoking, atherosclerosis, and alcohol intake, are commonly related to the pathogenesis and eventual rupture of intracranial aneurysms. 5 Several researchers have posited that these aneurysms may be associated with a number of genetic factors whose role in lesion origin and pathogenesis appears to be increasingly relevant. 34, 35 A number of authors have described families with two or more members affected by a ruptured or an unruptured intracranial aneurysm. 24, 30, 34, 40 In several hereditary disorders an association with intracranial aneurysms has been clearly described. 1, 6, 10, 39 Despite the progress in research, however, basic genetic mechanisms related to intracranial aneurysms remain unclear.
Other authors have suggested that apoptosis (genetically programmed cell death) may be involved in aneurysm growth and rupture. In a number of congenital and/or acquired pathological conditions, apoptotic phenomena may become pronounced, damaging arterial walls. 14, 20 An attempt to delineate the mechanisms of apoptotic smoothmuscle cell death in intracranial aneurysms has been proposed by Stehbens, 37 who studied the involvement of phosphorylated c-Jun NH 2 -terminal kinase/c-Jun pathways.
Much literature covers the basic science of apoptosis. 8, 12, 21, 22, 25, 29, 32, 33, 41, [43] [44] [45] 47 Briefly, it functions as a homeostatic regulator of an appropriate cell population, maintaining a steady state by balancing cell replication and death. Apparently, to initiate the apoptotic mechanism a cell must start novel gene expression and the synthesis of new proteins. 42, 45 Different mechanisms may induce a cell to start apoptosis. 8, 41, 42, 45 Often the trigger comes from the extracellular environment, which indicates that the locus of programmed cell death is outside the cell. Perhaps apoptosis can be modulated by manipulating the genes involved in its regulation. It is a relevant phenomenon in vascular pathology, and there is evidence that the balance between cell proliferation and apoptosis regulates the number of cells in vascular walls. 2, 3 High levels of apoptosis have been identified in the perinatal phases of remodeling in arteries in lambs. 7 Furthermore, apoptosis has been related to athero-sclerotic plaque formation 12 and observed in cultured human vascular smooth-muscle cells. 4 In abdominal aortic aneurysms in humans, a significant reduction in the density of smooth-muscle cells has been reported and even proposed as evidence of apoptosis. 15, 23 These data permit one to speculate on the contribution of apoptosis to aneurysm wall degeneration.
Nonetheless, very few studies have been performed on the role of apoptosis in the growth and rupture of intracranial aneurysms. In 1998 Kondo, et al., 20 using TUNEL, demonstrated the role of apoptosis in the disappearance of smooth-muscle cells during the development and growth of experimental cerebral aneurysms in rats. Furthermore, evidence of apoptosis in intracranial aneurysms has been demonstrated using TUNEL in four postmortem cases. 14 Sakaki, et al., 31 found that ruptured aneurysm walls exhibited welldefined evidence of DNA fragmentation, which indicates apoptosis. The object of the present study was to verify the hypothesis that apoptotic phenomena are relevant in ruptured intracranial aneurysms and that they may represent the local expression of more extensive vascular endurance involving the entire arterial system. For this reason we focused on the evaluation of apoptotic phenomena ex vivo in the domes of ruptured and unruptured intracranial aneurysms, in arterial specimens located outside the subarachnoid spaces-namely the MMA or the STA obtained in patients with ruptured and unruptured intracranial aneurysms-and in specimens of MMA and STA from patients surgically treated for nonvascular pathologies. The TUNEL was used for the quantitative analysis of apoptotic cells. To determine the type of apoptotic mechanisms involved and the primary reasons for aneurysm growth and rupture, we studied apoptotic phenomena by using electron microscopy as well.
Materials and Methods
Between September 1999 and February 2002, specimens from 27 consecutive cases of intracranial aneurysms were collected during surgery at our neurosurgical center. Exclusion from the study depended on purely surgical reasons, namely when no specimen was collectable (for example, when reaching the aneurysm required coagulation of the aneurysm sac or the positioning of many aneurysm clips that actually covered the entire aneurysm sac) and when the site of the aneurysm sac rendered its removal unacceptable for the patient's safety. In all collected specimens, the sampling site corresponded to the aneurysm dome.
Aneurysm specimens were obtained in nine men (33%) and 18 women (67%), whose median age was 57.1 years (range 29-78 years). Seventeen aneurysms (63%) were ruptured and 10 were unruptured (37%). All patients underwent routine preoperative fourvessel angiography.
In 13 (seven with ruptured and six with unruptured lesions) of the 27 patients, a specimen of the MMA or the STA was also collected. In seven patients surgically treated via pterional craniotomy for brain tumor (five patients) and subacute subdural hematoma (two patients)-not aneurysm or vascular malformation pathologies-specimens of the same arteries were obtained as controls. These procedures were performed because they were judged completely safe.
Only two patients with ruptured aneurysms from among all those with ruptured or unruptured aneurysms and all control volunteers needed intensive care unit admission before surgery.
All aneurysms and arterial specimens were studied using TUNEL and electron microscopy. Specimens were immediately pretreated in the operating room, eliminating from their surface blood clots and/or other biological materials that could invalidate a pure study of the aneurysm dome.
For the TUNEL, obtained tissues were immediately fixed in 4% buffered formalin for temporary storage and were then processed. The molecular biological-histochemical method used was both sensitive and specific for the detection of DNA fragmentation in aneurysm walls. This technique, known as "TUNEL," 11, 20 is useful for in situ identification of programmed cell death, permitting quantification of apoptosis in cell populations. The technique is based on the specific binding of terminal deoxynucleotidyl transferase to 3Ј-OH ends of DNA and the consequent in situ synthesis of a polydeoxynucleotide polymer. The new 3Ј-OH DNA ends generated by DNA fragmentation are the labeled targets as they are specifically located in morphologically identifiable nuclei and apoptotic bodies in cells constituting the aneurysm wall. Apoptotic cells are those containing apoptotic bodies. 11 The manufacturer's instructions for the apoptosis detection kit (Vasotacs kit, Gaithersburg, MD) were followed. Five to seven slides per aneurysm were examined using light microscopy. Three separate observers conducted a double-blind overall evaluation of the slides. These observers were also unaware of whether the specimen had been obtained in a patient harboring a ruptured or an unruptured aneurysm or in a control volunteer.
Apoptotic cells were defined by the presence of TUNEL-positive nuclei. 14, 28, 31, 38 The number of apoptotic cells in the high-power (ϫ 400) field was counted in different areas of the specimen and expressed as a proportion of the total number of cells observed in the field. The major drawback of TUNEL is that cell labeling is not specific for apoptosis. In fact, a positive TUNEL reaction occurs in all apoptotic cells but also in cells subjected to DNA repair and necrosis 16, 27 ; therefore, in the present study, we used electron microscopy to confirm apoptosis in ruptured and unruptured aneurysms and in specimens obtained in control volunteers.
A scale to quantify apoptosis in aneurysm tissue was developed in cooperation with the Department of Epidemiology and Medical Statistics at our university. We evaluated the specimens as follows: Class A4 (Fig. 1 left) , numerous diffuse apoptotic cells in all observed microscopic fields (Ͼ 75%); Class A3 ( Fig. 1 center) , massive focal areas of apoptotic cells, which tended to localize near the vessel's lumen, mixed with apparently normal zones (from Ͼ 50 to 75%); Class A2, presence of apoptotic cells (from 15 to 50%); Class A1, modest number of apoptotic cells in all observed microscopic fields (Ͻ 15%); Class A0 ( Fig. 1 right) , absence of apoptosis or sporadic presence apoptotic cells.
For electron microscopy, tissue samples of the aneurysm domes and the arteries were fixed overnight in cold (4˚C) Tyrode buffer containing 2% glutaraldehyde. After rinsing with cold buffer for at least 1 hour, tissues were postfixed for 1 to 2 hours in 1% osmium tetroxide in cold Tyrode buffer and rinsed for 30 to 60 minutes. Specimens were dehydrated through graded (70, 95, and 100%) ethanol for 30 minutes for each cycle at room temperature, incubated twice in propylene oxide (30 minutes for each cycle), and infiltrated overnight in a 1:1 mixture of propylene oxide/Polybed 812 resin. Tissues were embedded in Polybed 812 resin blocks for 1 hour at room temperature, incubated overnight at 45˚C, and sectioned after cooling at room temperature. Thin slices were cut using a diamond knife, placed on Formvar-coated copper grids, and examined on a transmission electron microscope (CM10; Philips, Eindhoven, The Netherlands).
Differences in apoptosis related to variables, such as the patient's sex and age and the aneurysm's shape and dimensions, were analyzed to establish predictive factors that might correlate with the development and rupture of an aneurysm incidentally diagnosed.
The chi-square test was used in statistical analyses of our results. Probability values less than 0.05 were considered statistically significant.
Results

The TUNEL
Aneurysms. Results of the light microscopy evaluation (TUNEL) showed relevant apoptosis levels (Classes A3-A4) in 15 (88%) of 17 ruptured aneurysm walls (Table 1) ; the other two ruptured aneurysms appeared to be Classes A0-A1. In all unruptured aneurysms, apoptosis was absent or scarce except in one case, which, interestingly, involved a patient harboring another aneurysm that had previously bled and whose analysis showed elevated apoptosis (Classes A3-A4). In this same case, a specimen from the MMA showed Classes A3-A4 apoptosis (Fig. 2) . Analyses of the distribution of apoptosis in ruptured compared with unruptured aneurysms was statistically significant (p Ͻ 0.001; Table 2 ).
Arterial Walls. High apoptosis levels (Classes A3-A4) were detected in all seven arterial specimens (STA or MMA) obtained in patients harboring ruptured aneurysms (Table 3 ). In five unruptured aneurysms, very low or absent apoptosis levels were detected in the STA or MMA. In only one specimen (Case 22), the elevated apoptosis level in the peripheral artery did not match the condition in the unruptured aneurysm. No arterial specimen obtained in patients without an aneurysm showed the presence of apoptosis. These results are highly statistically significant (p Ͻ 0.001).
Surgical Timing and Apoptosis
In this study we evaluated the possibly variable and unaccounted effect of hemorrhage surrounding the aneurysm dome as it related to the timing of surgery. The cases were subdivided into two groups: Group 1 consisted of aneurysms surgically treated within 72 hours after SAH, and Group 2 consisted of lesions surgically treated more than 10 days after SAH. Analysis of our results indicated that there was no statistical difference between the two groups in terms of apoptosis (Table 4) .
Aneurysm Shape and Volume and Apoptosis
On the basis of angiographic evidence matched with the intraoperative appearance, aneurysms were classified as follows: 1) regularly shaped (that is, round or oval), 16 cases (60%); and 2) irregularly shaped (that is, multilobate and uneven shapes), 11 cases (40%; Table 1 ). Of the 16 regularly shaped aneurysms, nine (56%) were unruptured and seven (44%) were ruptured. Levels of apoptosis were high in six aneurysms (38%) and low in 10 (62%). Of 11 irregularly shaped aneurysms, 10 (91%) were ruptured and only one (9%) was unruptured; apoptosis levels were elevated in all of the ruptured aneurysms and was absent in the irregularly shaped unruptured lesion. A statistically significant relationship (p Ͻ 0.05) between aneurysm shape and apoptosis level was found (Fig. 3) . Among 19 aneurysms smaller than 1 cm, 10 (53%) were associated with an SAH and demonstrated elevated levels of apoptosis in the walls. One aneurysm (5%) was unruptured and showed increased levels of apoptosis. Eight lesions (42%) were unruptured and showed low or absent levels of apoptosis. Of eight aneurysms larger than 1 cm, seven (87%) ruptured; only five had elevated levels of apoptosis. The statistical evaluation of these data demonstrated no significant differences in apoptosis levels and aneurysm volumes (Table 5) .
Patient Age and Sex and Apoptosis
Results of statistical analysis showed no significant correlation between patient age and sex and the level of apoptosis.
Electron Microscopy
Results of ultrastructural analysis revealed complete disorganization in all of the wall layers in ruptured aneurysms. Smooth-muscle cells from ruptured aneurysms showed a complete sequence of the apoptotic process, and electrondense and shriveled cytoplasm was observed together with condensation of mitochondria and disorganization of cytoskeletal architecture. During the early stages of apoptosis (Fig. 4 left) , progressive aggregation of chromatin was noted in the nuclei. Later stages of apoptosis (Fig. 4 center) were characterized by a more evident aggregation of nuclear chromatin along with a progressive reduction in the cytoplasm mass, presence of cytoplasm vacuoles, and disorganization of contractile filaments. At this apoptotic stage, we also observed partial detachment of the cells from their basal membranes.
A progressive reduction in cellular volume caused by the decrease in cytoplasm was evident throughout the entire apoptotic process. Swollen mitochondria and the presence of apoptotic bodies were also peculiar to the late stages of apoptosis. Finally, nuclei with condensed chromatin having a doughnut or horseshoe shape and progressive disorganization of the entire cell body were detectable in smoothmuscle cell layers (Fig. 4 right) . The apoptotic process was also apparent in fibroblasts residing in the stroma of ruptured aneurysms (Fig. 5 left) . The half-moon shape formed by the accumulation of the euchromatin on the nuclear membrane is characteristic of the apoptotic process (Fig. 5  right) .
Fibroblasts in ruptured aneurysms showed progressive aggregation of nuclear chromatin and different aspects of nuclear pyknosis. Moreover, they displayed intense cyto- 
C ϩ * C = control volunteer, so not applicable; IS = irregular shape; R = ruptured; RS = regular shape; U = unruptured; Vol = volume. † Arterial specimen only. plasmic disorganization characterized by the presence of vacuolization, reduced volume, swollen mitochondria, and rupture of the plasma membrane. Cytoplasm vacuoles of different dimensions, lipid droplets, dilated nuclear membranes, and nuclear pores were observed, as opposed to the normal morphological features of fibroblasts in the stroma of unruptured aneurysms. Note that apoptosis often was overlapped by or coexisted with morphological features of necrosis, which was characterized by cells with swelling cytoplasm, ruptured plasma membrane, and dispersed cellular organelles.
In ruptured aneurysms, analysis of extracellular matrix organization revealed partial degradation of collagen fibers. Signs of this degradation are electrolucent areas located in the stroma very close to remodeling extracellular matrix zones, which are characterized by thinner collagen fibers with a different orientation (Fig. 6) . Few inflammatory cells-mostly granulocytes and macrophages, with different degrees of activation-were visible in the stroma.
The final aspect of apoptosis was characterized by chromatin agglomerates, basal membrane rupture, and cytoplasm degeneration.
Results of the ultrastructural study in the majority of unruptured aneurysms, in accordance with the data obtained using TUNEL, showed no evidence of apoptosis.
Discussion
Vascular remodeling through apoptotic cell death plays an important role in vascular disease. 15 Sakaki, et al., 31 observed DNA fragmentation in intracranial aneurysms in humans. Henderson, et al., 15 reported apoptotic cell death in the walls of abdominal aortic aneurysms. These findings indicate that apoptotic processes seem to contribute to aneurysms. Note that the aneurysms were studied using TUNEL. Although many apoptotic cells were detected in the domes of ruptured intracranial aneurysms, a quantitative evaluation of apoptotic phenomena was not described and multiple variables were not related to apoptosis. Moreover, the literature consists of no studies aimed at clarifying the role of apoptosis as a primary cause rather than a consequence of aneurysm rupture. Our study targeted such research and we endeavored to analyze the ultimate role of apoptotic phenomena in the pathogenesis of intracranial aneurysm rupture. For this reason, differences in apoptotic phenomena in the walls of ruptured compared with unruptured intracranial lesions were investigated. Apoptosis in the peripheral arteries was also studied in these same patients and in those affected by nonvascular pathological entities.
In the present study we demonstrated apoptotic phenomena in aneurysm walls through the use of TUNEL and electron microscopy. It was not difficult to differentiate apoptotic from necrotic cells, based on data already reported in the literature. 8, 32, 41, 44 The thin walls of ruptured aneurysm domes appear to be composed of spindle-shaped fibrous cells and numerous apoptotic cells. The number of these cells is greater near the rupture site. In the aneurysm dome, the cells containing apoptotic bodies appear clearly differentiated from surrounding areas and submerged by abundant fibrous material.
The typical degeneration or absence of the internal elastic membrane along with apoptosis in the smooth-muscle cells in the aneurysm dome could indicate a deterioration of the aneurysm wall that may secondarily cause its rupture.
Statistical analyses of our data revealed a clear, high correlation (p Ͻ 0.001) for the association between high levels of apoptosis (Classes A3-A4) and aneurysm rupture, indicating that elevated apoptosis may cause weakness in and rupture of aneurysm walls. In two (12%) of 17 cases, however, rupture occurred independent of elevated levels of apoptosis in the aneurysm walls, probably due to factors related to hemodynamic variations. Elevated apoptosis levels (Classes A3-A4) were also detected in one of 10 unruptured aneurysms, which could indicate that only one of the ten unruptured aneurysms that had been surgically treated was really at risk for rupture.
We excluded the possibility that angiographic contrast media could have induced apoptosis because all of our patients-those with ruptured and those with unruptured an- eurysms-underwent routine preoperative four-vessel panangiography, and a statistically significant (p Ͻ 0.001) difference in apoptosis levels between the two groups was observed.
Analysis of data regarding apoptosis related to surgical timing indicated that the presence of blood degradation products and their prolonged contact with ruptured aneurysms do not enhance apoptotic phenomena. Nonetheless, it is not possible categorically to exclude that aneurysm rupture may, by itself, immediately trigger the apoptotic phenomena observed in our specimens. Data on peripheral artery specimens from patients with intracranial aneurysms seemed to support the hypothesis that apoptotic phenomena in ruptured aneurysm walls represents a primary event for aneurysm rupture. In 13 patients the MMA or the STA was studied for apoptosis. Elevated apoptosis levels in arterial specimens from patients harboring ruptured aneurysms and the absence of apoptosis in specimens from patients harboring unruptured lesions strongly indicate (p Ͻ 0.001) that in patients with SAH, apoptosis is a primary phenomenon preceding aneurysm rupture and does not depend on it and that apoptosis may be an expression of more extensive arterial deterioration potentially involving the entire arterial system, which, for reasons pertaining to the peculiar intracranial arterial circulation (in association with congenital weakness of arterial walls), manifests at this level as aneurysm growth and rupture. Interestingly, the only case of an unruptured aneurysm with elevated apoptosis levels occurred in a patient who had previously harbored a ruptured aneurysm and whose analysis showed Classes A3-A4 apoptosis. (A similar case was described by Sakaki, et al. 31 ) In our case, the MMA also showed elevated apoptosis.
A possible explanation for diffuse arterial apoptotic phenomenon may be related to an alteration in connective tissues, possibly on a congenital basis. Evidence that some congenital diseases and disorders of the connective tissues 1, 6 have a higher incidence of intracranial aneurysms supports this hypothesis.
Analysis of our data demonstrates no significant difference between apoptosis and aneurysm volume. In the literature some authors emphasize an increased risk of aneurysm rupture related to an increase of the lesion dimensions. 13, 17 Analysis of our data indicate an absent correlation between apoptosis and aneurysm enlargement; that is, aneurysm rupture seems more related to the presence of elevated apoptosis levels than to the volume of an aneurysm.
Correlations between aneurysm shape and apoptosis were also studied to verify the hypothesis that the irregularity of an aneurysm shape could depend on an alteration of its structure and could be considered an indirect sign of imminent aneurysm rupture. A statistically significant correlation among aneurysm shape, level of apoptosis, and aneurysm rupture was observed. Elevated apoptosis levels were evident in all ruptured irregularly shaped aneurysms, whereas all but one of the unruptured aneurysms demonstrated a regular shape and absent or very low levels of apoptosis. Significantly, the two ruptured aneurysms not associated with elevated apoptosis levels had a regular shape. These data support the hypothesis that the irregularity of the aneurysm shape could be related to degeneration and weakness of the lesion wall and could represent a reliable index of an enhanced risk of aneurysm rupture. Although the individuation of DNA fragmentation through TUNEL is presently considered among the most reliable methodologies to detect apoptosis, the use of electron microscopy remains fundamental in the study of the apoptotic process within single cells and appears able to elucidate the mechanisms that trigger and maintain apoptosis in aneurysm domes. Electron microscopy, which is widely applied in other research on apoptosis, has been scarcely used in studies on aneurysms-mostly in aneurysm experimental models in animals and not particularly focused on apoptotic cells. 18, 19, 26, 37, 46 The results obtained using transmission electron microscopy confirmed consistent differences between ruptured and unruptured aneurysms, demonstrating a relevant presence of apoptosis in the former and an absent or a very low presence in the latter. Apoptosis was localized mainly in the smooth-muscle cells. The apoptotic process coexisted with aspects of classic necrosis, oncosis, and anoikis along with the presence of extracellular matrix degradation and basal membrane detachment. The ultrastructural features of apoptotic cells revealed early cytoplasm modification, which may be related both to the effects of the apoptotic stimulus and to a lack of energy necessary to complete the apoptotic process.
In the wall of ruptured aneurysms it was possible to identify myoepithelial cells demonstrating relevant features of apoptosis in the smooth-muscle tissue. The different phases of the apoptotic process were observed. Such features also appeared in unruptured aneurysms, although more rarely and more sparsely. This common pathway of myoepithelial cellular apoptotic degeneration, detected in both ruptured and unruptured aneurysm walls, strongly indicates that the apoptotic features observed must be regarded as preceding aneurysm rupture and do not constitute a simple epiphenomenon subsequent to aneurysm rupture. These observations support a possible authentic role of apoptotic phenomena in the progressive weakness and rupture of aneurysm walls.
Cellular alterations together with extracellular matrix remodeling and detachment of smooth-muscle cells from the basal membrane, which were detected on electron microscopy, could play a fundamental role in the growth and rupture of aneurysms.
The association between relevant apoptotic features and aneurysm rupture indicates that these events may be related to the rupture of aneurysms.
Conclusions
Mechanisms underlying intracranial aneurysm growth and rupture remain unclear. Presently, we are unable definitively to define the real role played by apoptosis in aneurysm walls, although our observations revealed that the apoptotic phenomenon constitutes an active element and possibly plays a fundamental part in reducing the resistance of aneurysm walls, thus contributing to the genesis of their dilation and rupture.
Data collected in relation to the peripheral arteries indicated that apoptosis is a primary phenomenon involving the entire arterial system more diffusely and precedes aneurysm rupture and does not depend on it. Although these observations are preliminary, if they are confirmed by additional data, they may support a role for apoptosis as a parameter for predicting the risk of rupture in incidentally diagnosed aneurysms and in multiple aneurysms. Moreover, the modulation of apoptosis-already being studied in oncologycould offer innovative therapeutic opportunities for intracranial aneurysms. 
